BACKGROUND/AIMS-Studies in animal models and humans suggest a link between endotoxemia and non-alcoholic steatohepatitis. Since Kupffer cells are responsible for clearing endotoxin and are activated via endotoxin interaction with Toll-like receptor 4 (TLR-4), we examined the relationship between hepatic TLR-4 expression and Kupffer cell content during the genesis of steatohepatitis.
Introduction
Non-alcoholic steatohepatitis (NASH) in the setting of obesity is believed to occur via a "twohit" mechanism involving hepatic fat accumulation and oxidative stress. Studies in animal models suggest that gut-derived endotoxin mediates oxidative stress and the development of NASH. In support of the idea that gut-derived bacterial products play a causal role in the pathogenesis of NASH in genetically overweight mice, treatment with probiotic dietary supplements that sterilized the gut of endotoxin-bearing gram negative organisms prevented histological alterations and insulin resistance associated with steatohepatitis (1) (2) (3) . In humans, severe steatohepatitis often occurs following jejuno-ileal bypass and in patients placed on total parenteral nutrition, both of which are situations believed to cause bacterial overgrowth and endotoxemia. In fact, Wigg et al. evaluated 22 patients with NASH for small bowel bacterial content and found that bacterial overgrowth was prevalent among NASH patients (4) . In a study by Vanderhoof et al. liver injury and steatosis in a rodent model of jejuno-ileal bypass was prevented by therapies that minimized bacterial load (5) . Thus, leakage of endotoxin from the gut is a likely stimulus of NASH.
Since blood leaving the gut empties directly into the portal vein, the liver is exposed to gutderived endotoxin. As a result of endotoxemia, Kupffer cells, the resident hepatic macrophages, are activated via the Toll-like receptor 4 complex (TLR-4) on the cell surface. This receptor is a member of the Toll-like family of pattern recognition receptors that are of central importance during host defense against invading pathogens. TLR-4 interaction with endotoxin results in the release of a myriad of pro-inflammatory mediators that induce hepatic injury and fibrosis (6) . In addition, cytokines have profound effects on lipid metabolism (7) .
The present study investigated the potential importance of Kupffer cells and TLR-4 in the pathogenic mechanisms underlying NASH. Accordingly, mice were fed a methionine and choline deficient diet (MCDD), which results in hepatic microvascular dysfunction and pronounced pathological changes within 3-4 weeks (8-10). Administration of this diet in mice depleted of Kupffer cells via administration of liposome encapsulated clodronate as well as in mice deficient in TLR-4 signaling due to a spontaneous mutation (i.e. C3H/HeJ mice) provides evidence that TLR-4 expression on Kupffer cells is a critical component of diet-induced NASH.
Materials and methods

Animal treatment
Male C57BL/6, C3H/HouJ and C3H/HeJ mice were purchased from Jackson laboratories at 4-6 weeks of age. C3H/HouJ and C3H/HeJ mice are both substrains of the C3H parent strain, which was derived by breeding Bagg albino female with DBA male mice. They were given free access to water and food, and maintained on a 12 hour light/dark cycle. The control diet (CD) used in this study was a standard amino acid-defined formulation (Dyets, Inc. Bethlehem, PA). Steatohepatitis was induced by 3 weeks of feeding a variation of the base diet that was deficient in methionine and choline. All mice received humane care in accordance with the handling protocol approved by the Louisiana State University Health Sciences Center animal care and use committee.
Kupffer cell depletion
Two days prior to feeding, one experimental series of C57BL/6 mice (n= 6/dietary group) was treated with clodronate liposomes via tail vein injection to deplete Kupffer cells. The clodronate was a gift of Roche Diagnostics GmbH (Mannheim, Germany) and was encapsulated into liposomes as described previously (11) . Each mouse received 200 µl of a 1 mg/ml suspension. This dose had been shown to selectively deplete Kupffer cells and some splenic macrophages within 24h (12, 13) . Additional 5 mice (n= 5/diet) were administered liposome-encapsulated PBS as a control. Repopulation of Kupffer cells was prevented by weekly administration of clodronate liposomes.
Assessment of liver injury
At the time of sacrifice, a small section of each liver was preserved in zinc-buffered formalin. Routine H&E staining was performed to assess tissue architecture. Steatosis, inflammation and necrosis were scored by a one of the authors (P.A.) that was blinded to the study design. The absence of these histopathological features was scored as 0 and the most severe changes were given a score of 3. Blood samples were collected from the vena cava and serum stored at −80°C
. Alanine aminotransferase (ALT) measured according to standard enzymatic assay (Thermo electron corporation, Waltham, MA).
Endotoxin determination
A heparinized blood sample was collected directly from the portal vein. The platelet-rich plasma fraction was prepared as described previously (14) . Endotoxin was determined using a kinetic chromagenic assay (Cambrex, Walkersville, MD).
Immunohistochemistry
Prior to staining, epitope unmasking was performed by immersing sections in antigen retrieval solution A (BD Biosciences; San Jose, CA) and heating for 30 min. Antibodies directed against neutrophils (Gr-1) and macrophages (F4/80) obtained from AbD Serotec (Raleigh, NC) were applied at room temperature for 60 min followed by sequential application of a biotinylated chicken anti-rat secondary antibody streptavidin-conjugated horseradish peroxidase (30 min). Diaminobenzidine was applied for colorimetric detection of the target cells.
Hepatic triglyceride content
Approximately 200 mg of each liver was homogenized in PBS and then centrifuged at 12,000 × g for 15 min. After determination of the total protein content in each sample using the biuret method (Sigma Chemical Co.), the triglyceride content in the resulting supernatant was measured according to standard enzymatic assay (Thermo electron corporation; Medina, OH) normalized to the protein content.
Western blotting
Total protein (50µg) was separated on a 4-15% gel and transferred to nitrocellulose membranes. Membranes were blotted with anti-TLR4 (Cell Signaling Technology; Danvers, MA) or β-actin (AbD-Serotec) then incubated with an HRP-conjugated secondary antibody. Target proteins were visualized using ECL-Plus detection reagents (Amersham Biosciences; Piscataway, NJ) in a Chemidoc XRS documentation system (Bio-Rad Laboratories; Hercules, CA).
Reverse transcription and real-time PCR
Total RNA was extracted from frozen liver samples using the Qiagen RNeasy reagents. Each total RNA sample (250 ng) was reverse transcribed using TaqMan transcription buffer and multiscribe reverse transcriptase (Applied Biosystems; Foster City, CA). The relative mRNA expression of TLR-4, TLR-2, CD14, MD-2, TGFβ, TNFα CD36 PPAR-α, liver fatty acid binding protein (L-FABP) and collagen α1 was analyzed using pre-developed assays for realtime PCR (Applied Biosystems). In a separate tube, ribosomal 18s was amplified as a reference. Gene expression was quantified using a comparative critical threshold (C T ) method as described previously (15).
Data Analysis
Statistical analysis was performed using student's t-test or two-way ANOVA where appropriate with p < 0.05 as the level of significance. For each parameter tested, at least 4 observations per group were analyzed.
Results
Evidence of endotoxemia and toll-like receptor-4 signaling
The extent of endotoxemia in response to feeding MCDD was examined in the platelet-rich plasma fraction of portal blood samples. In mice fed control diet portal endotoxin levels were 33.9 ± 13.3 pg/ml. Feeding MCDD increased plasma endotoxin by approximately 3-fold (100.7 ± 26.7). To investigate activation of TLR-4 signaling, mRNA expression of components of the TLR-4 pathway were quantified via real-time PCR. TLR-4 expression was increased 5-fold by MCDD (Fig 1A) . Western blot analysis confirmed the enhanced presence of TLR-4 protein (Fig. 1B) . The expression of the TLR-4 accessory molecules MD-2 and CD14 were also increased significantly after feeding MCDD (Fig. 1A) .
Liver histopathology in TLR-4 mutant mice
Additional experiments were performed in C3H/HeJ mice, which lack TLR-4 signaling due to a spontaneous point mutation. In wild type mice feeding MCDD resulted in extensive macrovesicular steatosis and necrosis typical of steatohepatitis (Fig. 2) . These histopathological changes were largely prevented C3H/HeJ mice. To characterize the inflammatory infiltrate, sections of liver were subjected to immunohistochemical staining to identify the presence and distribution of neutrophils and macrophages. Feeding MCDD resulted in the clustering of neutrophils at sites of steatosis and injury in wild type mice ( Fig  2E) . Macrophage accumulation in close vicinity to injured hepatocytes was distinctly more pronounced (Fig. 2G) . The infiltration of both neutrophils and macrophages was blunted in C3H/HeJ mice fed MCDD (Fig. 2F&H ).
Serum ALT activity was measured to index injury and was increased significantly in wild type mice (Fig. 3) . Consistent with histological findings, ALT activity in serum from C3H/HeJ mice fed MCDD was significantly lower than diet-matched wild type mice.
Hepatic triglyceride content and evidence of improved PPAR-α signaling in TLR-4 mutant mice
Induction of steatohepatitis by feeding MCDD resulted in a 3-fold increase in hepatic triglyceride content; however, triglyceride accumulation was prevented in TLR-4 mutant C3H/ HeJ mice. (Fig 3B) . In an attempt to understand how TLR-4 might regulate lipid accumulation, we examined the expression of PPAR-α in wild type and TLR-4 mutant mice fed MCDD. Mutant mice had significantly greater PPAR-α expression after MCDD while levels in wild types did not change (Fig 4A) . Moreover, expression of L-FABP, which is regulated by PPARa, was significantly higher in mutant mice fed MCDD (Fig. 4B ). This data suggests that PPAR-α may be negatively regulated in response to TLR-4 signaling.
TNF-α and Collagen αI expression in TLR-4 mutant mice
In accordance with histological and biochemical findings, mRNA expression of injury markers were blunted in TLR-4 mutant mice. As shown in Fig 5, MCDD-induced increases in expression of the pro-inflammatory cytokine TNF-α as well as the matrix protein collagen αI was prevented in C3H/HeJ mice.
Effect of Kupffer cell depletion on liver histopathology
We next examined the extent of injury in the absence of Kupffer cells. This was accomplished by weekly intravenous administration of liposome-encapsulated clodronate, which has been shown to induce apoptosis in liver and splenic macrophages (11, 13) . Immunohistochemical staining of liver sections collected at the end of the study revealed the successful depletion of Kupffer cells, whereas injection of liposomes containing PBS had no effect on MCDD-induced macrophage accumulation (Fig. 6) . In addition to markedly reducing inflammation, destruction of Kupffer cells attenuated the histological appearance of hepatic steatosis and necrosis as summarized in Table I .
Kupffer cell depletion blunts hepatic expression of TNF-α and markers of fibrosis
The influence of Kupffer cell depletion on the mRNA expression of various injury mediators was assessed using real-time PCR. Consistent with the observed inflammatory response to MCDD, expression of TNF-α was enhanced significantly in PBS-treated mice (Fig 7A) . Although histological evidence of fibrosis was not detectable after just 3 weeks of MCDD feeding, there was significant induction of mRNA levels of the profibrogenic cytokine TGF-β as well as pro-collagen αI in PBS controls (Fig 7B&C) . In mice treated with clodronate liposomes, feeding MCDD did not increase the expression of markers used to index fibrosis or inflammation.
Effect of Kupffer cell depletion on Toll-like receptor expression
To further characterize the importance of the relationship between Kupffer cells and TLR-4 expression during MCDD-induced NASH, the effect of Kupffer cell depletion on TLR-4 expression was analyzed. In contrast to MCDD-fed mice administered liposome encapsulated PBS, TLR-4 expression in mice treated with clodronate liposomes was not increased significantly above CD-fed mice (Fig. 8A ), suggesting that a significant fraction of the expression of this receptor is contributed by Kupffer cells. In addition to TLR-4, TLR-2 reportedly acts as a receptor for endotoxin as well as various other microbial products and lipoproteins (18) (19) (20) . Transmission of intracellular signals following TLR-2 interaction with these products requires the scavenger receptor CD36 (21) . Real-time PCR revealed that feeding MCDD caused a 5-fold and 7-fold increase in TLR-2 and CD36 expression, respectively, when compared to mice fed the control diet, an effect largely blocked by the destruction of Kupffer cells (Fig. 8B&C ).
Discussion
Ligand interaction with the TLR-4 receptor complex results in the recruitment of multiple adaptor molecules to the cell membrane, eventually resulting in the degradation of IkB and the translocation of NFkB to the nucleus where it facilitates the transcription of inflammatory mediators. Previous studies have demonstrated the activation of NFkB and enhanced sensitivity to TLR-4 ligands in mice with steatohepatitis induced by feeding MCDD (22) . In an attempt to clarify signals upstream of NFkB activation during NASH, we investigated the role of TLR-4 in the genesis of steatohepatitis. Our results indicated that MCDD-induced NASH was accompanied by induction of TLR-4 expression, as well as the TLR accessory molecules MD-2 and CD14. Injury and inflammation were markedly attenuated in TLR-4 mutant C3H/HeJ mice. Moreover, this strain was protected from matrix protein over-expression, demonstrating a role for TLR-4 signaling in MCDD-induced fibrogenesis. These findings provide strong evidence that TLR-4 signaling is, indeed, important for the pathogenesis of NASH. However, additional experiments are needed to clarify specifically how TLR-4 modulates lipid accumulation and fibrosis.
We observed prominent macrophage accumulation in close proximity to areas of injury in wild type mice fed MCDD. Therefore, one object of the current study was to examine the importance of Kupffer cells in NASH. Kupffer cells are a first line of defense against debris and microbial products expelled from the intestines. In fact, these cells clear approximately 90% of an intravenous dose of endotoxin. Several studies have demonstrated that Kupffer cells play a critical role in various forms of liver injury via paracrine interactions with hepatocytes. For example, depletion or inactivation of Kupffer cells diminished injury and fibrosis due to chronic carbon tetrachloride exposure early as well as early alcoholic steatohepatitis (ASH) (16, 17, 23) , without affecting ethanol metabolism (24) .
The involvement of Kupffer cells in alcoholic hepatitis is believed to be initiated by portal endotoxemia (23, 25) . Based on the finding of portal endotoxemia in mice fed MCDD, it was postulated that activated Kupffer cells participate in the observed hepatic injury. Indeed, targeted deletion of Kupffer cells via liposome-encapsulated clodronate diminished MCDDinduced increases in the production of TNF-α, ICAM-1 and significantly impaired the development of hepatic injury. In support of the idea that the expression of TLR-4 on Kupffer cells is essential for injury, destruction of these cells also prevented increases in TLR-4 expression induced.
We have shown previously that Kupffer cells also play a causal role in fibrogenesis (17) . Hepatic fibrosis may occur simultaneously with hepatitis and is characterized by the overproduction of extracellular matrix proteins such as Collagen type I (26) . Products secreted from Kupffer cells isolated from fibrotic rats have been shown to stimulate the proliferation and phenotypic transformation of stellate cells into myofibroblast-like cell that produces collagen. TGF-β is one of the cytokines believed to be primarily responsible for these effects and also has been implicated in decreased degradation of matrix proteins (27) . We found a significant induction of mRNA levels of collagen α1 and the profibrogenic cytokine TGF-β in wild type mice. Destruction of Kupffer cells completely prevented the induction of TGF-β mRNA expression, but only blunted collagen expression. Stellate cells express TLR-4 and can be activated by TLR-4 ligands. It is likely that the residual induction of collagen mRNA expression noted in clodronate-treated mice was due to direct stimulation of stellate cells via TLR-4.
We used clodronate encapsulated in liposomes to target delivery specifically to macrophages. Cell culture experiments have demonstrated that clodronate induces cell death in macrophages via apoptosis (11) . Free clodronate released from dying macrophages does not easily penetrate lipid bilayers and is removed quickly from circulation by the renal system. Therefore, it is unlikely that decrements in the expression of lipid trafficking and fibrogenic markers observed in mice treated with encapsulated clodronate were a result of a direct effect of this treatment on hepatic cell types other than Kupffer cells.
It is important to note that fat accumulation in the liver was nearly absent in mice depleted of Kupffer cells. Since the expression of enzymes responsible for lipid synthesis were reduced dramatically following 3 weeks of MCDD feeding (data not shown), we speculated that the observed steatosis was the result of enhanced lipid storage. The class B scavenger receptor CD36 has been shown to facilitate the uptake of long chain fatty acids by endothelial cells as well as macrophages, and recent data suggests that this receptor plays a role in hepatic steatosis induced by feeding a high fat diet (28, 29) . Another member of the toll-like receptor family, TLR-2, has been shown to play a role in lipid trafficking via uptake of diacylated lipoproteins (30) , a process that requires CD36 (21) . Consistent with the idea that TLR-2 and CD36 participate in MCDD-induced lipid trafficking, mRNA levels of both receptors were enhanced in wild type mice. In addition, the absence of severe steatosis due to Kupffer cell depletion was associated with significantly lower expression of these receptors.
Several previous studies have investigated mechanisms underlying hepatic fat accumulation in mice fed MCDD. For example, Ip et al. demonstrated that mice deficient in the expression of PPAR-α nuclear hormone receptor developed more severe steatohepatitis when fed MCDD compared to wild type mice (32) . Conversely, treatment with the PPAR-α agonist Wy-14643 prevented and reversed hepatic pathologies induced by MCDD (33) . Resolution of steatohepatitis by agonist was attributed to the induction of genes that facilitate fatty acid breakdown (e.g. L-FABP). Herein, we found that TLR-4 mutant mice have significantly greater PPAR-α and L-FABP expression after MCDD, suggesting improved PPAR-α signaling. This data suggests that PPAR-α may be negatively regulated in response to TLR-4 signaling. Clearly, additional investigations are required to elucidate the roles of TLR-2 and TLR-4 in hepatic fat accumulation.
Taken together, the results of the present study provide insight into the importance of TLR-4 signaling and underscore the essential role of Kupffer cells in the development of NASH. In the setting of ASH the initial stimulus of TLR-4 signaling is believed to be gut-derived endotoxin. Herein we described a similar state of portal endotoxemia in response to feeding MCDD. A recent study by Brun et al. (34) demonstrated that feeding MCDD impaired the expression of junctional complex proteins between adjacent enterocytes, and significantly impaired gut barrier function. Thus, the presence of endotoxin in the portal blood supply was likely due to increased intestinal permeability. Although findings of portal endotoxemia support the idea that bacterial products could initiate TLR signaling, the involvement of gram positive microbial products and other endogenous TLR-4 ligands cannot be ruled out. Nevertheless, based on the present findings it appears likely that targeting the TLR-4 pathway specifically in macrophages could provide a potential therapeutic approach for the treatment of NASH.
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Figure 1. Effect of feeding MCDD on TLR-4 signaling molecules
(A) For assessment of TLR-4, MD2 and CD14 expression, livers were collected from male C57BL/6 mice fed CD or MCDD for 3 weeks. Pre-developed assays for real-time PCR were used according to the manufacturer's instructions (Applied Biosystems). Expression of each target mRNA was calculated relative to average values in the control group using a comparative CT method and presented as mean ± SEM of at least 4 observations/group. (B) Western blot analysis of hepatic TLR-4 expression relative to β-actin was used to confirm enhanced protein levels. Values are mean ± SEM of at least 4 observations per group. *p< 0.05, **p< 0.005 compared to control using Student's t test. Serum levels of the liver-specific injury marker ALT (A) and triglyceride levels (B) in 20% liver homogenates were measured using standard spectrophotometric assays. Statistical comparisons were made using two-way ANOVA. *p< 0.05 compared to PBS controls or # dietmatched C3H/HouJ mice. Expression of PPAR-α and L-FABP mRNA was analyzed by real-time PCR and calculated relative to average values in the control group using a comparative CT method. Data are presented as mean ± SEM of 5 observations/group. Statistical comparisons were made using two-way ANOVA. *p< 0.05 compared to PBS controls or # diet-matched C3H/HouJ mice. Expression of TNF-α and Collagen α1 mRNA was analyzed by real-time PCR and calculated relative to average values in the control group using a comparative CT method. Data are presented as mean ± SEM of 5 observations/group. Statistical comparisons were made using two-way ANOVA. *p< 0.05 compared to PBS controls or # diet-matched C3H/HouJ mice. 
